Abstract-Degradable polymers were synthesized that selfassemble with DNA to form particles that are effective for gene delivery. Small changes to polymer synthesis conditions, particle formulation conditions, and polymer structure led to significant changes to efficacy in a cell-type dependent manner. Polymers presented here are more effective than Lipofectamine 2000 or polyethylenimine for gene delivery to cancerous fibroblasts or human primary fibroblasts. These materials may be useful for cancer therapeutics and regenerative medicine.
I. INTRODUCTION
ENE delivery has great potential, both as a therapeutic to treat disease on the genetic level and as a technology to enable regenerative medicine. The central challenge is finding a safe and effective delivery system. As viral gene therapy can have serious safety concerns, many recent efforts have focused on non-viral methods that utilize biomaterials. Many materials have been shown effective for delivering genes in vitro including cationic lipids, sugars, peptides, and polymers [1] [2] [3] .
One of the lead delivery polymers is polyethylenimine (PEI), which due its cationic structure, can be very effective for binding DNA and forming gene delivery particles [4] . PEI is also particularly effective at promoting endosomal escape of PEI/DNA particles through the proton sponge mechanism [5, 6] . This is critical to prevent lysosomal degradation of the DNA and to enable efficient delivery of the DNA to the cytoplasm. This endosomal escape mechanism has been used in the design of other synthetic gene delivery polymers, including polylysine-based polymers that contain an imidazole group in the side chain [7] . Although PEI shows promise compared to other biomaterials, it also leads to significant cytotoxicity [8] and has lower effectiveness than viral methods.
One newer group of polymers used for gene delivery are poly(beta-amino ester)s [9] . They are useful due to their ability to bind DNA, promote cellular uptake, facilitate escape from the endosome, and allow for DNA release in the cytoplasm [10] [11] [12] . Unlike PEI, they are readily biodegradable due to their ester linkages, which reduces cytotoxicity [10, 13] . It has been shown that within this class, acrylate-terminated polymers have low gene delivery, whereas amine monomer-terminated polymers have higher delivery [14] . Recently, end-modification with diamine monomers has shown that some of these polymers can rival adenovirus for gene delivery in vitro and are also effective in vivo [15, 16] .
Another interesting approach to increase gene delivery effectiveness while reducing cytotoxicity is adding bioreducible linkages to polymers. Disulfide linkages have been added to PEI to produce bioreducible versions with lower cytotoxicity than high molecular weight versions of the parent polymer [17, 18] . Other researchers have shown that bioreducible poly(amido amines) can have higher efficacy than PEI while also having reduced cytotoxicity [19, 20] .
It was recently demonstrated that IMR-90 human primary fibroblasts can be reprogrammed to induced pluripotent stem cells with integrating viruses [21] . Reprogramming human differentiated cells into undifferentiated, pluripotent cells could potentially enable a patient to receive a customized cell therapy that is a perfect genetic match.
In this report we investigate how small modifications to the monomer ratio used during polymerization in combination with modifications to end-capping group chemical structure used post-polymerization affects gene delivery. We compare how chemical structure tunes gene delivery efficacy between a cancerous fibroblast line and human primary fibroblasts. In particular, we highlight that small changes to the molecular weight or changes to just the ends of the polymer, while leaving the main chain of the polymer the same, significantly enhances or decreases the overall delivery of the polymer.
II. MATERIALS AND METHODS

A. Polymer Synthesis
(Acros Organics), 4-aminophenyl disulfide ( SigmaAldrich), dimethyl sulfoxide (Sigma-Aldrich), 25 kDa polyethylenimine (Sigma-Aldrich), and Lipofectamine 2000 (Invitrogen) were used as received.
Polymers were synthesized using a two-step procedure that is described in Figure 1 .
Acrylate-terminated poly(1,4-butanediol diacrylate-co-5-amino-1-pentanol) was first synthesized at two different acrylate monomer to amine monomer molar ratios, 1.05:1 and 1. Reactions took place in DMSO (500 mg/mL) in glass vials in the dark under magnetic stirring for 48 hrs at 40°C. As a second step, three amine-containing small molecules were individually conjugated to the ends of each polymer postpolymerization. Reactions were performed by mixing 321 mg of poly(1,4-butanediol diacrylate-co-5-amino-1-pentanol) in DMSO (500 mg/mL) with 800 µL of 0.25 M amine solution. Excess amine is used to fully end-modify the base polymer. Reactions were performed in 1.5 mL tubes in a multi-tube vortexer with constant agitation for 24 hours at room temperature. Polymers were stored at -20°C with desiccant until use. Polymers were analyzed by gel permeation chromatography using a Waters Breeze System and 3 Styragel Columns (7.8 x 300mm) in series: HR 1, HR 3, and HR 4. The eluent was 95% THF/5% DMSO/0.1M piperidine and ran at 1 mL/min.
B. Cell Culture COS-7 and IMR-90 cells (ATCC, Manassas, VA) were grown following ATCC recommended protocols and reagents. COS-7s were grown in Dulbecco's Modified Eagle's Medium (DMEM, ATCC) supplemented with 10% fetal bovine serum (ATCC) and 100 units/mL of penicillin and streptomycin (Invitrogen). IMR-90s were grown in Eagle's Minimum Essential Medium (EMEM, ATCC) supplemented with 10% fetal bovine serum (ATCC) and 100 units/mL of penicillin and streptomycin.
Cells were subcultured upon confluence and IMR-90s were used prior to passage eight.
C. Gene Delivery Assays
Cells were plated in white 96-well plates at 15,000 cells in 100 µL per well and allowed to adhere overnight. CMVLuc DNA (Elim Biopharmaceuticals, Hayward, CA) was diluted in 25 mM sodium acetate (pH=5) to 0.06 mg/mL. Polymers at 100 mg/ml in DMSO were diluted in 25 mM sodium acetate buffer to concentrations that generate the varying polymer to DNA weight ratios (20, 40 , 60, 100). One hundred microliters of diluted polymer solution was mixed vigorously with 100 µL of DNA solution in a 96-well plate using a multichannel pipette. After 10 minutes wait time, 20 µL of each formulation was added to the cells that contained 100 µL of complete media per well. Particles were incubated with the cells for four hours and then removed with a 12-channel aspirator wand.
Warm, complete media was added to the cells (100 µL/well) and they were allowed to grow for two days at 37°C and 5% CO 2 . Polyethylenimine/DNA particles were formed in a similar manner to the other polymers, except that they were formed at a w/w ratio of 1 (N/P~8) in 150 mM NaCl solution as has been previously described [4, 22] . Lipofectamine 2000 was used following the manufacturer instructions. Forty-eight hours post transfection, gene expression was measured using Bright-Glo luminescence assay kits (Promega), a Synergy 2 multilabel plate reader (Biotek), and a one second read time per well. Protein content per well was measured using the BCA protein assay kit (Pierce) and the Synergy 2 plate reader to measure absorbance at 562 nm.
III. RESULTS AND DISCUSSION
Base acrylate-terminated polymers were synthesized via the conjugate addition of 5-amino-1-pentanol to an excess of 1,4-butanediol diacrylate in a manner similar to that previously described, but at a lower temperature and for a longer reaction time while being dissolved in DMSO [15, 16] . Polymerizations were performed at molar ratios of 1.05:1 and 1.2:1 at 40 °C for 48 hrs. Subsequently, the polymers were end-modified by conjugate addition of 1-(3-aminopropyl)-4-methylpiperazine (Poly 1), 1-(3-aminopropyl)pyrrolidine (Poly 2), or 4-aminophenyl disulfide (Poly 3) to the base polymers at room temperature for 24 hrs (Figure 1 ). Polymers were analyzed by gel permeation chromatography as shown in Table 1 . For the 1.2:1 molar ratio, polymers had M w ~ 6 kDa. At a 1.05:1 molar ratio, the molecular weight was higher, M w ~ 6.5-8.5 kDa. Gene delivery particles were formed in buffer through self-assembly between the cationic polymers and anionic DNA. At lower weight ratios (20 and 40 w/w), polymeric particles formed with polymers synthesized at 1.05:1 were generally more efficient for gene delivery than the same polymers formed at 1.2:1. This is likely due to the higher MW of these polymers. In some cases, these changes were dramatic. For example, for Poly 1 at 20 w/w, the 1.05:1 ratio is more than 10-fold as effective as the 1.2:1 ratio with COS-7 cells and 400-fold more effective for IMR-90s. Interestingly, the difference in MW between these two polymers is only ~ 1.5 kDa. However, at higher weight ratios (60 and 100 w/w), this trend is not seen and the effectiveness of both polymer synthesis conditions is comparable. The one exception to this trend is Poly 2, which has comparable delivery between the two synthesis ratios at 60 and 100 w/w in COS-7 cells, but in IMR-90 cells, only the 1.05:1 ratio polymer is effective at any weight ratio tested. Thus small changes to MW may be able to tune delivery properties to alter cell-type specificity. Certain end-modifying groups also appeared to show celltype specificity. For example, Poly 3 at 60 w/w or 100 w/w has very high gene delivery to the COS-7 cancerous fibroblasts, but very poor delivery to the IMR-90 human primary fibroblasts. In comparison to Lipofectamine 2000, Poly 3 (1.2:1 ratio and 60 w/w) enables twice the gene expression in COS-7 cells, but over 200-fold less expression in IMR-90s. For transfection of IMR-90s, Poly 1 or Poly 2 at a polymerization ratio of 1.05:1 and polymer to DNA weight ratio of 100 were the most effective. These conditions enabled transfection of human primary fibroblasts in serum-containing media at 8-10 fold the levels of Lipofectamine 2000. Lipofectamine 2000 is a leadingcommercially available lipid-based transfection reagent and the polymers presented here can achieve comparable or higher delivery to both cancerous and primary cell types. Compared to 25 kDa branched polyethylenimine, a leading of-the-shelf gene delivery polymer, the polymers presented here are up to 2-3 orders of magnitude more effective. In all cases, cells remained viable and comparable to untreated controls as determined by visual inspection and relative levels of protein content per well through the BCA assay.
Small molecule amine containing end-groups were chosen to increase DNA binding affinity compared to acrylate terminated polymers and to potentially improve endosomal release of the particles (Poly 1 and Poly 2) or bioreducible release of the DNA (Poly 3). As these small structural modifications also lead to a significant change in cell-type specificity, the end-group may also play an important role in directing particle uptake. We are currently quantifying these mechanisms to better understand structure/function relationships of these materials. Further exploration of polymer structures may lead not only to safe and effective transfection reagents, but to materials with a natural proclivity to targeting certain types of cells.
